It is generally accepted that ribosomes in eukaryotic cells are associated with the membrane of the rough endoplasmic reticulum. Some authors have suggested that this membrane contains specific "ribosome-receptor sites", which are assumed to accept ribosomes and to transfer nascent peptides across the membrane into the cisternal lumen (2, 10) . From in vitro reconstitution experiments in which ribosomes were combined with the membranes of stripped rough microsomes, it has been suggested that the ribosome-receptor sites are composed of integral membrane proteins (3, 22) . Recently, membrane proteins have been partially purified from rough microsomes (6, 10) . Fujita et al. (6) reported that polyribosomes prepared from rough microsomes by treatment with a high concentration of Triton X-100 included many hydrophobic membrane proteins ; after solubilizing these proteins with sodium deoxycholate, they isolated a protein fraction that specifically bound polyribosomes. Kreibich et al. (10) , using high-resolution electrophoresis in a gradient acrylamide gel, found that at least two polypeptides, called ribophorins, are present exclusively in membranes of the rough endoplasmic reticulum. Ojakian et al. (17) suggested, on morphological grounds, that the ribosome-receptor site is closely related to the intramembrane particles found in a half membrane of the freeze-fractured rough endoplasmic reticulum. His idea has been supported by our previous finding that some fractions of intramembrane particles could associate with ribosomes (15) .
We here describe electron-microscope observations of membranous structures that were isolated from rough microsomes and that had a high affinity for polyribosomes. We also report a direct association of ribosomes with intramembrane particles, as suggested by the presence in reconstituted protein-containing liposomes ("proteo-liposomes") of ribosome-binding intramembrane particles derived from the membranous structures. 
RESULTS
"Triton -polyribosomes" and their associated membranous structures. Fig. 1 shows an electron micrograph of a representative field of a polyribosome fraction obtained by treating rat-liver rough microsomes with the non-ionic detergent Triton X-100 (1.0 %, w/v) according to the method of Fujita et al. (6) . These "Triton-polyribosome" preparations clearly differed in two ways from the usual polyribosomes (obtained with an ionic detergent, sodium deoxycholate) and from free polyribosomes. First, the particles appear to be more highly aggregated and more tightly packed in the Triton-polyribosome preparation than in the usual polyribosomes. Second, only in the Triton-polyribosome preparations do membranous structures (arrows) appear to be associated with the groups of ribosomes. These membranous structures were frequently sealed, forming closed vesicles. Shown in the inset in Fig. 1 is one such vesicle, whose outer surface appears to be covered with ribosomes. Although the structure of the membrane is not clearly visible after the usual fixation and staining, a three-layered unit membrane structure can be seen in some places (arrow in inset of Fig. 1 ). Since free polyribosomes have no membranous structures, it is safe to •~ 137,000 assume that the membranes found in the preparation of aggregated polyribosomes were derived from rough microsomes.
Membrane-like structures also were visible in negatively stained Triton-polyribosomes. In Fig. 2 , which shows two clusters of such polyribosomes, an electron-lucent membranous structure (arrow) appears to be covered with ribosomes. The ribosomes of the polyribosomes do not appear to be arranged in the usual spiral or linear pattern, instead they are found in tight clumps. The average center-to-center distance between ribosomes was less than 26 nm.
To observe the membranous structures more clearly, we removed ribosomes from the Triton-polyribosome preparations by incubating them with pancreatic RNase in the presence of EDTA ; the residual materials consisted predominantly of oblong, flat vesicles with bumpy surfaces, 40 to 100 nm in diameter, and of a few small membranous fragments (Fig. 3) . After negative staining, these membranous vesicles resembled the membranes of stripped rough microsomes. When they were incubated with fresh exogenous ribosomes, however, the vesicles again had many ribosomes all over their surfaces (not shown in this paper), whereas stripped membranes reassociated with only a few ribosomes, in only some regions (15) .
Since ribosomes have been found to bind specifically to intramembrane particles of gap junctions, we have suggested that certain fractions of intramembrane particles in half membranes of freeze-fractured rough microsomes may be the sites of ribosome attachment (15) . To investigate the relation between the membranous structures with a high affinity for ribosomes and intramembrane particles, we studied the structure of the membranous remnants by freeze-fracture. We saw none of the usual concave or convex fracture faces on the freeze-fractured replicas, but careful observation disclosed that a number of the aggregates of particles were studded on the surface of the replicas (Fig. 4) . Each aggregate consisted of several 8 to 10nm particles, arranged like small beads in a row or a cluster, or occasionally in a circle (inset, Fig.  4 ). Since the freeze-fractured membrane vesicle generally reveals broad fracture faces, we cannot be sure of the nature of the kind of particles appearing directly on the surface of the replica. Their general morphology and size, however, suggest that they are the same kind of intramembrane particle that is found within the rough endoplasmic reticulum (15, 17) .
Binding of ribosomes to reconstituted liposomal membranes. To examine whether the particles of the membranous remnant associate directly with ribosomes, we disintegrated the residual materials into soluble proteins with another detergent, then reincorporated the proteins into the lipid bilayer of liposomes, and examined the ribosome-binding ability of the resultant proteo-liposomes. By treating the membranous remnant with 2.0 % sodium deoxycholate (w/v) at pH 8.6, we obtained a protein fraction rich in ribosome receptors (6) . The detergent-solubilized proteins were reconstituted with excess amounts of lipids into membrane vesicles, essentially according to the method of Kagawa and Racker (8) . In control experiments, lipid vesicles without proteins were prepared under identical conditions. Fig. 5 shows a freeze-fracture replica of the control liposomes. Both the concave and the convex fracture faces are very smooth, with hardly any particles visible. A thin-section electron micrograph of liposomes from the same sample (Fig. 6) shows mainly large, single-shelled, roughly spherical vesicles ranging in diameter from 120 to 300 nm, with a three-layered unit membrane about 5.8 nm thick, as previously reported (14) .
In the thin sections, the liposomes reconstituted in the presence of the proteins looked just like the control liposomes (not shown). But freeze-fracture replicas of the proteo-liposomes showed discrete particles 8-10 nm in diameter on the smooth fracture faces (Fig. 7) ; these particles were distributed at random on both the concave and convex fracture faces. The fine structure of the particles can be more clearly seen 
DISCUSSION
Several investigators have reported the isolation of ribosome-binding protein from the membrane of the rough endoplasmic reticulum (6, 10, 18) . Olsnes found that considerable amounts of extraneous materials became adsorbed to polyribosomes that had been mixed with endoplasmic reticulum solubilized by the non-ionic detergent Triton X-100 (18) . Observing that tritiated leucine was rapidly incorporated into the adsorbing materials, he suggested that specific membrane proteins with high affinities for ribosomes might be involved in the binding of polyribosomes to membranes in the cells. Fujita et al. (6) found that "Triton-polyribosomes" from rough microsomes contained a number of hydrophobic proteins derived from rough microsomes ; these proteins were removed by subsequent incubation with an ionic detergent, sodium deoxycholate. By gel filtration, Fujita et al. obtained proteins with high affinities for polyribosomes. Kreibich et al. (10) found that at least two integral membrane glycoproteins, ribophorin I and II, are present only in the membrane of the rough endoplasmic reticulum, and that they participate in ribosome binding. Thin sections of the membranous structures associated with polyribosomes after treatment of rough microsomes with another non-ionic detergent, Kyro-EOB, showed that the membranous structures are constructed of a protein network enriched with ribophorin I and II (10, 20) .
In our investigation, these membranous structures also were observed in the Triton-polyribosomes isolated from rough microsomes according to the method of Fujita et al. (6) . The membranous vesicles with a three-layered unit membrane structure, have been shown in thin section (arrow in inset of Fig. 1 ). The negatively stained polyribosomes were found in large clusters (Fig. 2) . When the ribosomes had been removed from the Triton-polyribosomes, the remnant consisted of membranous vesicles and fragments (Fig. 3) . Freeze-fracture of this remnant produced no fracture faces typical of the membrane bilayer ; it revealed particles 8 to 10 nm in diameter directly exposed on the surface of the replica (Fig. 4) . These structures are therefore not ordinary membranes. In addition, the background particles arranged in lines, clusters, or sometime circles, looked very much like intramembrane particles from the rough endoplasmic reticulum.
There have been only a few discussions about the nature of the kind of particle on the surface of the replica (9, 19 proteo-liposomes may involve electrostatic interaction with the membrane proteins.
(1) The liposomes made from lipids alone did not accept any ribosomes. (2) The ribosomes attached to the proteo-liposomes were readily released in a medium containing a high concentration of monovalent ions, such as 0.5 M KCl (data not shown). (3) Digestion of the proteo-liposomes with trypsin resulted in the loss of their ability to bind ribosomes (data not shown). In general, a purified integral membrane protein reintegrated into artificial lipid vesicles shows up in freeze-fracture studies as a distinct 10-nm structure that looks like an intramembrane particle (12, 19, 23) . Hence, the particles in our proteo-liposomes (Figs. 7 and 8 ) also may be proteins. Furthermore, intramembrane particles observed by freeze-fracture and the ribosomes attached to the vesicles shown in the thin section appear to have a similar random distribution. We therefore suggest that each individual ribosome on the reconstituted "rough vesicles" (Figs . 9 and 10 ) is attached to an intramembrane particle (Figs. 7 and 8).
Quite recently a similar study was reported by Czako-Graham et al. (4) in a symposium. After having directly solubilized rough and smooth microsomes with sodium deoxycholate, they reconstituted the membrane vesicles containing integral membrane proteins from either microsomes and intramembrane particles. These vesicles were incubated with in vitro protein-synthesis systems programmed with the mRNA of a secretory protein, and peptide translocation in their vesicles was examined. The unprocessed polypeptide chains of the secretory protein actually were found associated with these vesicles, though vectorial translocation of nascent peptide into the vesicle was not shown. The binding capacity for in vitro labeled polypeptide chains was 2-5 times higher in vesicles reconstituted from rough microsomes, which contained ribophorins, than in those reconstituted from smooth microsomes.
